The association between thyroid hormones and cardiovascular conditions has been well studied, specifically, the effects of hypothyroidism on cardiomyopathy, and hyperthyroidism with arrhythmias. Nonetheless, an explicit correlation between hyperthyroidism and cardiomyopathy has yet to be established. Medical databases MEDLINE and PubMed were accessed and queried as primary sources for data acquisition. Search criteria consisted of "hyperthyroidism", "heart failure", and "thyroid and cardiovascular system", which allowed the retrieval of relevant and recent works. From these sources, a consensus was developed and employed to yield an updated review of the etiology of heart failure in the setting of hyperthyroidism. It is rare for patients with hyperthyroidism to remain in a chronic hyperthyroid state, making it difficult to analyze subsequent long-term effects on the cardiovascular system. Related to heart failure, some studies have demonstrated no change in ejection fraction, while others have shown an acute change along with diastolic dysfunction, with or without an underlying rhythm abnormality. Further investigation is warranted to elucidate the mechanism driving such cardiac dysfunction, and whether it is due to vascular changes, tachyarrhythmias, or myocyte remodeling and fibrosis. The intent of this review article is to improve our understanding of how a hyperthyroid state affects cardiovascular function. An enhanced understanding of the effects on cardiovascular physiology will afford physicians the ability to provide more comprehensive care in consideration of both endocrine and cardiovascular pathologies.
Introduction
The thyroid gland secretes thyroid hormones (THs), triiodothyronine (T3) and thyroxine (T4), which are formed from iodine, and influence metabolic rate and protein synthesis. Regulation of these hormones is driven by the anterior pituitary gland via the secretion of thyroid stimulating hormone (TSH), which itself is regulated by the hypothalamus via thyrotropin releasing hormone (TRH). THs incite multiple effects on the heart and peripheral vasculature. Notably, the intracellular cardiac effects of THs occur via two mechanisms: genomic or nongenomic, with most effects exerted via the genomic pathway.
In the genomic pathway, T3 binds to thyroid responsive elements in the promoter segment of target genes [1] . This activates gene expression, specifically via messenger RNA that encodes for proteins with variable tissue-specific responses. Via this mechanism, synthesis of cardiac protein is stimulated, leading to myocardial hypertrophy and dysfunction [1] . In contrast, the non-genomic pathway affects changes in the cardiac myocyte plasma membrane and cytoplasmic organelles, which may result in alterations within the intracellular signaling pathways in cardiac and smooth muscle cells [1] . The effects of these two pathways working in tandem have been postulated as the mechanism driving cardiac dysfunction in a hyperthyroid state; this has been shown to be present in 5-10% of the population, with a higher prevalence in the elderly [2] [3] [4] .
Heart failure has been diagnosed in about 5.8 million patients in the USA [2, 5] . Several studies have analyzed the association between heart failure and hypothyroidism, but few studies have assessed the correlation between hyperthyroidism and cardiac pathologies, with exception of atrial fibrillation and tachyarrhythmias. This review presents an analysis of various studies addressing the correlation between these medical conditions. T3 and T4 have been shown to exert physiological effects on multiple organ systems, including the vascular system. T3 directly affects vascular smooth muscle cells and promotes relaxation [6, 7] . It has been postulated that T3 reduces expression of angiotensin II type 1 receptors, and thereby reduces the contractile response to angiotensin II [6, 8] . T3 also activates Khan et al Cardiol Res. 2020;11 (2) :68-75 the phosphoinositol 3-kinase (PI3-K)/Ak-mediated endothelial nitric oxide synthase signaling pathway, which stimulates the production of nitric oxide (NO) [6, 9, 10] . NO is vital for vascular homeostasis and affects dilator tone. The consequence of these effects is reduced vascular constriction [6] .
TH Physiological Effects on Vasculature
Additional reports have shown that T3 promotes angiogenesis, and may increase the density of coronary arterioles, thus impacting the process of myocardial ischemic reconditioning [6, 7, 11, 12] . Patients with hypothyroidism may develop increased diastolic blood pressure, via decreased endotheliummediated relaxation and vascular compliance [6, 13] . Conversely in hyperthyroidism, there is a decrease in peripheral vascular resistance, increased blood volume, and increased venous return [6, 14] . These changes may lead to development of heart failure secondary to a high level of output.
TH Effects on Cardiovascular Physiology
THs affect myocardial contractility, total peripheral resistance and heart rate. They enhance myocardial contractility by upregulating calcium handling and myosin heavy chain isoforms, and stimulating the beta adrenergic system [7, 15, 16] . Hyperthyroidism has been shown to incite arrhythmias, vascular changes, and myocardial remodeling. These changes can decrease cardiac output and promote the development of heart failure. Notwithstanding, current literature analyzing the relationships between myocyte function and global cardiac function in the setting of hyperthyroidism is limited [17] . It has been demonstrated that excess TH may result in tachycardia, widened pulse pressure, increased cardiac output, and decreased total peripheral resistance. Although these effects have been well analyzed, there is no established consensus regarding mechanism of action [7, 17] .
The mechanism of action of THs is prominently a result of their action on nuclear thyroid hormone receptors (TR). TR-alpha, the main TR isoform receptor of the cardiovascular system, is activated by T3 [6, 7, [18] [19] [20] . TR cardiomyocyte growth is due to phosphorylation of PI3-K, protein kinase B, and mammalian target of rapamycin (mTOR), which enhance developmental processes, such as sarcomere protein translation [6, [21] [22] [23] . The activation of these signaling pathways leads to changes in gene expression, which is comparable to physiologic mechanism of cardiac hypertrophy [6] .
There is evidence that serum levels of T4 and T3 are frequently decreased in heart failure patients, and decreased thyroid function may contribute to systolic and diastolic dysfunction [6] . The data relating to a prolonged hyperthyroid state and heart failure are less consistent. Numerous other conditions have also been correlated with thyroid function, including pericarditis, cardiac tamponade, tachycardia, atrioventricular block, pericardial effusion, sinus bradycardia, torsade de pointes, cardiomyopathy, endothelial dysfunction, hypertension, and dyslipidemia [6] .
A Brief Look at Hypothyroidism and Cardiology
Hypothyroidism, a condition with low levels of T4 and T3 and compensatory high levels of TSH, can result in diastolic hypertension, sinus bradycardia, and heart failure. A brief overview of the causal relationship between hypothyroidism and cardiovascular disease will be reviewed prior to addressing the lesser-studied association seen with hyperthyroidism. Chronic hypothyroidism has been shown to increase the risk of atherosclerosis owing to its association with hyperlipidemia [6] . Secondly, electrocardiogram (ECG) changes typically found in hypothyroid states include sinus bradycardia, prolonged QTc and atrioventricular block. A combination of these findings has been demonstrated an increased risk of coronary artery disease (CAD). Other factors associated with hypothyroidism include endothelial dysfunction, decreased nitric oxide, and subsequently decreased vascular relaxation. These factors have similarly been seen in cases of subclinical hypothyroidism, where TSH levels are high with normal T4 and T3 levels. This condition has been correlated with left and right ventricular systolic and diastolic dysfunction and will be reviewed later.
For hypothyroid patients with CAD, lower doses of levothyroxine should initially be utilized, with a gradual increase in dose. Physicians may consider starting treatment with levothyroxine 12.5 µg orally daily and increasing the dose after 6 weeks, to lower the peripheral vascular resistance and thus ameliorate the myocardial ischemia to achieve a euthyroid state [6] . Many articles have analyzed the association with low or subclinical thyroid states and cardiac conditions, but few have looked into the effects of hyperthyroidism, along with prognosis and therapy. This article will further focus on hyperthyroidism and the associated cardiovascular conditions.
An Overview of Hyperthyroidism and Cardiovascular Entities
Typically a hyperthyroid state is characterized as a low TSH level associated with elevated free T4 (FT4). Some of these changes can be seen in iatrogenic thyroid disease, thyroiditis, nodular thyroid disease, Grave's disease, and thyroid storm. The workup includes TSH, T3 and FT4 in asymptomatic or symptomatic patients with suspected hyperthyroidism. If TSH is low, it is recommended to recheck the TSH level, obtain thyroid peroxidase antibodies, and thyroid stimulating immunoglobulin (TSI) levels.
Studies in patients with hyperthyroidism have demonstrated that an increase in TH results in reduced peripheral vascular resistance, elevated heart rate, and subsequently increased cardiac output [1] . The decrease in vascular resistance results in low renal perfusion, which arouses the renin-angiotensinaldosterone system (RAAS), and affects an increase in total blood volume. These changes may subsequently lead to a state of increased preload, decreased afterload, and increased stroke volume [1, 24] . T3 has been shown to further stimulate the synthesis of renin in the liver itself, yielding increased cardiac levels of renin and angiotensin II. In the setting of hyperthyroidism, there is also a direct increase in the expression of angiotensin II receptors within the myocardium [1, 25] . Additionally, these changes can increase the release of atrial natriuretic peptide, which further enhances the level of vaso-Heart Failure and Hyperthyroidism Cardiol Res. 2020;11(2):68-75 dilation [1, 24] . Upon review of the literature, the most common cardiac phenomenon noted in a state of hyperthyroidism is tachycardia, which often manifests in an irregularly irregular rhythm. Prolonged or exceedingly rapid tachyarrhythmia may lead to heart failure; and this form of tachycardia-induced cardiomyopathy results in decreased diastolic filling time and increased filling pressures.
Regarding atrial fibrillation, therapy is based on established guidelines, while also affecting the return to a euthyroid state. If in euthyroid state, the patient is more likely to remain in normal sinus rhythm. Notably, sinus tachycardia remains the most common arrhythmia in hyperthyroidism [6] . Heering et al [26] found that in a population-based study examining elderly patients, those in the lowest quartile of normal range of serum TSH had double the risk for atrial fibrillation compared with those who were in the highest quartile. Out of all cases of atrial fibrillation, only 1% of the patients have been shown to be secondary to hyperthyroidism; however, atrial fibrillation is the only cardiac condition that has been consistently associated with hyperthyroidism [6] .
Hyperthyroidism and Heart Failure
Heart failure represents the initial clinical presentation in about 6% of patients with hyperthyroidism, with half having left ventricular (LV) dysfunction [27] . There are a limited number of studies that examine cardiac function and decompensation in the setting of hyperthyroidism; many of these study results provide conflicting data.
Hyperthyroidism has been shown to result in hemodynamic changes with a reduced ejection fraction (EF) and cardiac output due to a decrease in myocardial contractile reserve.
One study was able to demonstrate the long-term effect of hyperthyroidism on LV remodeling, cardiac function, myocyte function, and tissue remodeling in hamster models [17] . In this study, one group was subject to receive thyroid-containing pellets and was compared to an untreated control group. After 1 month, the thyroid-treated group demonstrated a significant elevation in resting heart rate. After 4 months, there was significant depression in their EFs. Furthermore, between 6 and 10 months of treatment, there was severe reduction in the measured EF [17] . Notably, there was no difference in left ventricle internal dimension (LVId) during diastole after 1 month of treatment, but by 2 months there was a significant increase in left ventricular internal dimension in diastole (LVIDd) [17] . Despite preservation of left ventricle posterior wall diameter (LVPWd), progressive chamber enlargement led to diastolic wall stress with an increased LVIDd/LVPWd ratio by 6 months in the TH treatment group [17] . Compared with untreated hamsters, those treated were found to have a 60% increase in left ventricular fibrosis, primarily located within the perivascular space and cardiac interstitium; myocyte necrosis with replacement fibrosis was not found [17] . Overall, these findings in hamster models demonstrate deleterious cardiac remodeling, including myocyte lengthening, chamber dilation, decreased relative posterior wall thickness, increased wall stress, and increased LV fibrotic deposition with sustained hyperthyroid-ism, leading to systolic and diastolic dysfunction evidenced by echocardiogram and hemodynamics [17] . These findings have not been thoroughly researched in human patients; however, as human patients typically present with more profound symptoms, which lead to earlier diagnosis and treatment. Early treatment of most patients with hyperthyroidism may prevent these deleterious effects that were seen in hamster models. Most patients convert to a euthyroid state prior to any cardiac dysfunction or cardiac remodeling occurs.
Another study analyzing 2,225 patients assessed TSH levels measured at baseline and at 6-month intervals throughout a 5-year study. TSH levels were correlated with the thyroid state of the patient, diagnosis of diastolic heart failure, and prognostic effect, with the overall risk of mortality being evaluated.
The study revealed that abnormal thyroid function in patients with symptomatic heart failure and EF < 35% was associated with an increased risk of death [2] . Furthermore, mean baseline EF was similar across the various thyroid groups. Repeat EF assessments at 12 and 30 months demonstrated an increase in mean EF (31.1±11.9% and 33.0±12.9%, respectively), but there was no statistically significant difference between euthyroid, hypothyroid, or hyperthyroid patients in terms of a change in EF from baseline at either time point (P > 0.10) [2] . It was demonstrated that abnormal thyroid status was nonetheless still associated with increased risk of mortality; hypothyroid and hyperthyroid states were associated with 58% and 85% increases in relative risk of death compared to euthyroid state ( P < 0.0001 for hypothyroid and P = 0.0048 for hyperthyroid vs. euthyroid) [2] .
As discussed earlier, excess TH can eventually lead to a decrease in TPR and increase in blood volume, resulting in increased contractility and cardiac output. To compensate for this increased level of stress, it is thought that the heart undergoes a remodeling process. This process is characterized by myocyte enlargement and extracellular matrix deposition [17] . During the initial phase of hyperthyroidism, compensation occurs by proportional growth in both myocyte and myocyte cross sectional area [17, 28] . This on-going sustained hemodynamic load, however, can overburden the compensatory ability of the heart and result in dilated ventricles with increased myocyte length, without a further increase in relative LVPW thickness [17] . This overall can lead to dilated heart failure. In the acute setting of hyperthyroidism, left ventricle (LV) fibrosis has not been well shown. A study conducted by Weltman and colleagues, using hamster models, used trichrome staining to confirm that prolonged hyperthyroidism, on the other hand, was associated with increased LV fibrosis. They further observed severe relaxation impairment and systolic dysfunction [17] .
The Framingham study contradicted these findings, demonstrating that serum TSH concentration was not related to LV end diastolic dimensions, LV wall thickness, LV mass, fractional shortening, or left atrial size [29] . It was shown however, that low serum TSH concentrations (< 0.5 mIU/L) were associated with increased LV contractility at rest in women only, as assessed by echocardiographic LV fractional shortening [29] . Furthermore, in overt hyperthyroidism it has been shown that there was an increased incidence of LV hypertrophy [29, 30] , along with increased LVEFs and contractility [29] .
Another study by Siu et al demonstrated 6% of patients with hyperthyroidism developed heart failure symptoms; strikingly, half of the patients who presented with heart failure were also found to have a normal EF [27] . It is hypothesized that their symptoms may reflect congestion due to increased sodium and fluid retention, secondary to hyperthyroidism, or may have been caused by tachyarrhythmia-induced diastolic heart failure [27] . These patients responded well to diuretics and rate control with beta-blocker therapy. As stated earlier, the exact mechanism of how hyperthyroidism can result in left ventricular systolic dysfunction remains unclear. It has been postulated that chronic persistent tachycardia and atrial fibrillation play a role; however, in the study conducted by Siu et al, there was no significant difference seen in the duration of symptoms of hyperthyroidism, incidence of atrial fibrillation, and heart rate between patients with and without systolic dysfunction [27] . In the patients found to have left ventricular dysfunction upon presentation, sustained tachyarrhythmia and atrial fibrillation contributed to the dysfunction, and the heart function recovered following initiation of rate or rhythm control [27] . In the remaining onethird of patients with left ventricular dysfunction at presentation, despite successful rate or rhythm control of tachyarrhythmia, there was only a partial recovery of systolic dysfunction. This suggests additional mechanisms may contribute to the left ventricular dysfunction seen in these patients [27] .
Moreover, hyperthyroid patients may present with heart failure symptoms and may be incorrectly labeled as high output heart failure. Unlike true heart failure, which typically has decreased cardiac contractility, these patients typically have increased cardiac output and increased contractility [1] . With thyrotoxic cardiomyopathy, the toxic effects of TH cause alterations in myocyte energy production, intracellular metabolism, and myofibril contractile function, which results in myocardial damage [1] . The main findings in this condition are left ventricular hypertrophy, arrhythmias, dilated cardiomyopathy, heart failure, PAH, and diastolic dysfunction [1, 24] . Although symptoms and signs of congestive heart failure are seen in patients with hyperthyroidism, dilated cardiomyopathy and impaired left ventricular systolic function are rarely reported (< 1%) [27] . While most studies have shown an improvement in left ventricular function following treatment of hyperthyroidism, a proportion of studies have contrarily shown a persistence of dilated cardiomyopathy [27] . One such study by Sui et al was the first systemic study to show persistent dilated cardiomyopathy developed in 1% (6/519 patients) of patients with primary hyperthyroidism [27] . Up to one-third of the patients with left ventricular systolic dysfunction at presentation had persistent dilated cardiomyopathy on long-term follow-up [27] . This finding highlights the importance of long-term follow-up in patients with hyperthyroidism and concomitant cardiac dysfunction.
In summary, animal models have clearly demonstrated a correlation between left ventricular dysfunction and fibrosis, and untreated hyperthyroidism. As most human patients do not remain in a prolonged hyperthyroid state, it is difficult to consistently show a correlation between the two entities in human subjects. As mentioned, some studies have demonstrated no change in EF, while other studies have shown acute changes in systolic or diastolic function, with or without an underlying rhythm abnormality. Further research is warranted to clarify the precise mechanism driving cardiac dysfunction in a hyperthyroid state. It is clear, however, that proper management includes conversion to a euthyroid state, heart rate control, and initiation of diuretics. Studies have shown this regimen to lead to improved patient outcomes.
Hyperthyroidism and Brain Natriuretic Peptide (BNP)
Prior studies have also shown a correlation between BNP levels and thyroid levels in patients without heart failure or cardiac disease [31, 32] . BNP level was found to be 4-fold higher in patients with hyperthyroidism than in patients in a euthyroid state. This association has not been well studied. It is postulated that THs may stimulate the secretion of BNP, in addition to the main physiologic process: stimulation via stretching of the atrial myocardial tissue. Prior studies have shown that free T3 hormone directly stimulates the secretion of BNP from myocardial cells by increasing gene expression [31, 33, 34] .
Hyperthyroidism and the Right Ventricle
Multiple reports have shown roughly 20% of patients with pulmonary hypertension have some form of thyroid abnormality [1, 35] . It is postulated that an increase in pressure in the left atrium leads to an increased pressure in the pulmonary veins, which may stimulate baroreceptors and induce contraction of the arterioles. This results in an increase in pulmonary artery pressure with increased right ventricular load. The increase in right ventricular load increases strain, which further elevates the PAH. The mechanism of PAH and hyperthyroidism is still not well studied, but with proper treatment and a reversal to a euthyroid state, there is typically a significant improvement in right ventricular overload and pulmonary arterial pressure [1, 36] . Therefore, it is beneficial to assess for hyperthyroidism in all patients with PAH.
Subclinical Thyroid Dysfunction and Cardiovascular System
Overt hyperthyroidism has been linked to cardiac conditions, and similarly, subclinical thyroid states have shown their own association. Subclinical thyroid abnormalities are characterized as having an abnormal TSH level and normal FT4 level. This is more common in older patients, with an overall prevalence of 10% for subclinical hypothyroidism and 0.7-3.2% for subclinical hyperthyroidism [37, 38] . It has been shown that even subclinical thyroid conditions can be linked to cardiac dysfunction, and some studies have demonstrated that T4 replacement can improve cardiac function, even in patients with subclinical hypothyroidism [39, 40] . There are a limited number of known studies, however, discussing the association between subclinical thyroid dysfunction and heart failure in particular.
One population-based analysis of adults (ages 70 -79) illustrated an association between subclinical thyroid dysfunc-Heart Failure and Hyperthyroidism Cardiol Res. 2020;11(2):68-75 tion and heart failure episodes. In this study, patients with TSH levels > 7 mU/L had greater than a 2-fold risk of heart failure episodes, compared to that of euthyroid subjects [39] . A second study supported these findings, with the addition of echocardiographic findings. This trial consisted of 3,044 adults, age greater than 65 years, initially free of heart failure, who were followed over a mean of 12 years. Changes in cardiac function were analyzed both in the patients with subclinical hypothyroidism and subclinical hyperthyroidism [39] . Over the 12 years, 736 patients out of 3,044 were found to develop heart failure symptoms. Patients with TSH levels greater than 10 mU/L were found to have a greater incidence of heart failure versus euthyroid participants (P value = 0.01, and 95% confidence interval of 1.05 -3.34) [39] . These findings were more prominent and statistically significant in patients with subclinical hypothyroidism rather than subclinical hyperthyroidism. The baseline peak E velocity to measure diastolic dysfunction was higher in those with TSH > 10 compared to euthyroid participants (P value = 0.002) [39] . These patients were also found to have an increase in left ventricular mass, while other echocardiographic measurements remained unchanged. The patients with subclinical hyperthyroidism and thus TSH levels of 4.5 -9.9 did not demonstrate a statistically significant increase in heart failure [39] . Most recently, a pooled analysis of six prospective studies examining data from 25,390 participants was conducted to determine the effects of subclinical thyroid dysfunction (with euthyroid defined as TSH 0.45 -4.49 mIU/L, subclinical hypothyroid as TSH 4.5 -19.9 mIU/L and subclinical hyperthyroidism as TSH < 0.45 mIU/L; both with normal FT4 levels) [37] . In this study, the risk of heart failure events was found to be increased with both higher and lower TSH levels, particularly when TSH > 10 mIU/L and for TSH < 0.10 mIU/L (P value for quadratic pattern < 0.01) [37] . The results of this study are notably in contrast to the results of the aforementioned study.
The Famingham Heart study, which included 4,331 patients, did not show a link between subclinical hypothyroidism and increased risk for cardiovascular disease or mortality [2] . In contrast, a study by Tseng et al [41] found that subclinical hypothyroid was associated with increased risk for all-cause and cardiovascular mortality. This study included 115,746 adult patients in Taiwan from 1998 to 1999.
Physicians should be aware of the potential cardiac complications associated with subclinical thyroid dysfunction, mainly hypothyroidism. Subclinical thyroid dysfunction has been well associated in several studies with systolic and diastolic cardiac dysfunction. Importantly, T4 replacement has shown improved measurements of cardiac function in subjects with subclinical hypothyroidism [37, 40] . Elevated TSH levels, even in patients with subclinical hypothyroidism, has been correlated with a decrease in stroke volume, a decrease in cardiac index, and an increase in systemic vascular resistance [37, 42] . Nevertheless, no large-scale studies have been conducted to further support these findings. In terms of subclinical hyperthyroidism, several studies have demonstrated an increased average heart rate, left ventricular mass, and impaired diastolic function compared to overt hyperthyroidism [37, 40] . Subclinical hyperthyroidism has also been correlated with higher rates of atrial fibrillation [37, 43, 44] . This correlation may explain why cardiac dysfunction has been found in patients with subclinical rather than overt hyperthyroidism.
Conclusions
Guidelines for heart failure produced by the American College of Cardiology and the American Heart Association [2, 45] support conducting thyroid function tests in patients with heart failure to determine if thyroid dysfunction may be a primary contributor to heart failure. In patients with a hyperthyroid state, the importance of prompt diagnosis and treatment of cardiac dysfunction is vital. Anti-thyroid medications are often indicated for the management of thyroid function; however, it may require several weeks to induce a euthyroid state. Definitive treatment with radioactive iodine ablation or thyroidectomy may also be considered to rapidly recover cardiac function [1] . Several studies have validated a reversal of echocardiographic abnormalities in these patients, once a euthyroid state has been established [1, 46, 47] . Additional treatment may include beta-adrenergic blockade to reduce heart rate, and diuretics to improve congestive symptoms [1] . Overall, there has been mixed findings when studying patients with hyperthyroidism and heart failure. A search of the literature demonstrated a clear correlation between hypothyroidism, and even subclinical hypothyroidism, and cardiac dysfunction. Further research is warranted to elucidate the long-term implications of a hyperthyroid state on the cardiovascular system, as well as to clarify the mechanism for the demonstrated effects, whether indirectly via the vascular system, directly by atrial fibrillation or tachyarrhythmia, or via myocyte remodeling and dysfunction. 
